Kudzu starch has been used as a natural healthy food worldwide. Low solubility, poor water dispensability, high paste viscosity and low fluidity limit its wholesome utility. In order to improve its processing properties and applicability, kudzu starch has been modified using a branching enzyme (BE) from Rhodothermus obamensis and in combination with maltogenic amylase (MA) from Bacillus stearothermophilus. The results indicated that amylose content and molecular weight decreased with enzyme treatment but the proportion of short chains and branch density increased. The natural A-starch type crystalline structure changes to V-type but with decreased crystallinity. The storage modulus and loss modulus depended on the enzyme treatment time. Overall, enzymatic modification results in starch fractions with increased solubility and paste transparency, reduced gelatinization temperature, gelatinization enthalpy, and viscosity. The outcome opens up new opportunities to develop more palatable and marketable products based on kudzu starch.
Introduction
Kudzu (Pueraria lobata) is an herbal plant utilized in traditional Chinese medicine for generations. It has several bioactive isoflavones (16.2%, w/w) such as daidzein, daidzin and puerarin with anticancer properties in addition to treating influenza, fever, dysentery, hypertension, and angina pectoris. [1] [2] [3] [4] Among the other nutrients, starch is an important component and accounts for about 15-34% of fresh kudzu root. [5] Kudzu starch is natural and is not processed as of corn and potato starches. It possesses a small quantity of isoflavonoids with neutral flavor and smooth paste texture and is being used as a functional food. [6, 7] However, its large-scale utility is limited due to poor solubility and dispersal, high paste viscosity and bad fluidity, to name a few.
Kudzu starch contains around 21% amylose and the remainder amylopectin. The molecular weight of amylopectin is of the order 10 7 -10 9 with an average chain length of 20.5. [8, 9] The ratio of short/long chains ranges from 3:1 to 2:1.
[10] The internal and external parts of amylopectin form the amorphous lamellae and crystalline region in the starch granule. [11] Its chain length distribution and internal structure have significant effect on the starch solubility, swelling, gelatinization, pasting and retrogradation. In general, the external chains can be classified as A, B, and C chains, wherein A-chains do not carry any other chains, B-chains hold one or more chains, and the C-chain contains the reducing end. The B-chains could be further classified into B1, B2, B3 and B4 depending on the number of clusters they take part: B1 chains participate in one cluster while B2 and B3 chains link two and three clusters, respectively, whereas B4 chains extend to four or more clusters. These external chains contribute to molecular entanglement leading to higher shear resistance. The low swelling power of starches is attributed to low amount of A chains, high percentage of B1 (DP [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and B2 (DP [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] chains. [12] In addition, high swelling and solubility arise from low molecular weight of amylose along with an incompact granule structure. [13] The starch swelling further is precluded by amylose and amylopectin interactions. [14] The amount of B3-chains (DP > 36) positively correlates to the gelatinization temperature and enthalpy, whereas A chains (DP 6-12) and B1 chains negatively correlate. [11, 15] Amylopectin with B fp (DP 3-7) and B1b (DP 18-24) chains shows lower viscosity of starch paste, whereas amylopectin with B3 chains exhibits higher viscosity. [11] The presence of increased α-1, 6 linkages retards the starch retrogradation, and reduces peak viscosity and setback value, as well as increase solubility and gelatinization enthalpy. [16, 17] A higher branching degree and shorter branching chain length lowers the starch retrogradation. [18] Thus, it would be more effective to change the amylopectin internal molecular structure of kudzu starch to gain the desired functionality toward wellrounded industrial applications.
Branching enzyme (BE, EC 2.4.1.18) has been used to alter the branch chain length and branch density of starches. [19] The BE the α-1, 4-glucosidic bonds, and then creates new α-1, 6-glucosidic bonds via transglycosylation reaction on the cleaved glucan chains, and hence produces new branched glucans and amylopectin clusters. [19] On the other hand, Maltogenic α-amylase (MA) from Bacillus stearothermophilus (EC 3.2.1.133) is an endo-acting enzyme that internally hydrolyses α-1, 4-glycosidic linkages and displays high transglycosylation activity through the formation of α-1, 6-glucosidic bonds and α-1, 3-glucosidic bonds, which results in branched α-glucans with lower molecular weight. [20, 21] In this regard, a combined reaction of BE and MA could be effective to modify the molecular structure of kudzu starch along with increasing α-1, 6 linkages and shorten the amylopectin chain lengths. Herein, kudzu starch has been subjected to [1] BE alone and [2] combination of MA→BE treatments, and the outcome provides a theoretical basis to modulate the physicochemical properties of kudzu starch toward developing novel functional foods.
Materials and methods

Materials
Kudzu starch was from Geye Starch (Anhui, China). Maltogenic amylase (MA) from Bacillus stearothermophilus (MA, ≥400 U/mg), isoamylase (160,000 U m/L) from Pseudomonas amyloderamosa and pullulanase from Bacillus subtilis (≥ 1000 U m/L) were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). BE from Rhodothermus obamensis (4900 U/mL) was gift from Novozymes (Denmark).
Enzyme treatment
Kudzu starch (10 g) was dispersed in 200 mL of 0.02 mol/L sodium acetate buffer (pH 6.4). The dispersion was then treated with BE (300 U/g dry weight of starch). The reaction was conducted at 50°C for 1 h to gain BE-modified starch. Later 1 mol/L NaOH solution of 2.5 mL was added to stop the reaction. MA-treated starches were prepared by treating the starch dispersion with MA (10 U/g dry weight of starch) at 50°C for 7 h, stirring constantly, and the reaction was stopped with 1 mol/L NaOH solution of 2.5 mL. The 0.02 mol/L sodium acetate buffer was used to adjust the enzymatic hydrolysate to pH 6.4, and the MA-treated starch dispersion was hydrolyzed with BE (300 U/g dry weight of starch). The BE reaction was conducted at 50°C for time intervals of 1, 3, 6, 9, and 12 h to prepare MA/BE-modified starches. The enzymatic hydrolysates were dialyzed using dialysis bags with molecular weight cut off 3500 Dalton in deionized water to remove low molecular sugars and salt ions. Three volumes of anhydrous ethanol was added to hydrolysates to precipitate starch. The precipitate was then centrifuged at 8000 rpm for 5 min and then washed with purified water. The enzyme-modified starches were freeze-dried and crushed for further characterization.
Scanning electron microscopy
A S-4800 Hitachi scanning electron microscope (Hitachi High-Technologies Corporation, Japan) was used to image the starch granules. Starch sample was placed onto the surface of double-faced carbon rubberized fabric set on an aluminum strip, and then thin gold film of 20 nm covered the whole sample in an argon atmosphere.
Structure characteristics
Amylose level was measured following the literature reported protocol. [22] Briefly, the starch (0.1 g) was blended with 1 mL absolute ethyl alcohol and 9 mL sodium hydroxide solution (0.8 mol/L). The mixed dispersion was heated in boiling water bath for 25 min, and then diluted with purified water to 80 mL. Subsequently, 1 mL of acetic acid (1 mol/L) and 2 mL of iodine solution (0.02% I 2 and 0.2% KI) were added into 5 mL mixed solution and stirred uniformly. The purified water was added into the mixed solution to dilute to 100 mL, mixed, and then set for 30 min. Amylose level was calculated using a standard curve.
Molecular mass was measured according to a previous approach. [23] Briefly, the 1 mL starch solution was filtered and then transfused to a high-performance size-exclusion chromatography (HPSEC) integrated with multi-angle laser light scattering (MALLS) and a differential refractive index (RI). Shodex OH-Pak 804 and 806 columns were connected in tandem and equilibrated at 25°C and then 200 μl sample was injected. The weight average molecular weight (M W ) was calculated using ASTRA V4.09.07 (Wyatt Technology) with the Berry extrapolation for curve fitting with the dn/dc value of 0.148 mL/g. The 100 mmol/L NaNO 3 aqueous solution was used as a moving phase and then filtered with a membrane filter (0.2 μm) and degassed. The flow velocity was set to 0.2 mL/min.
Amylopectin was extracted and purified from the starch sample. [24] The chain length distribution of amylopectin was analyzed following our previous method.
[ 25] The debranching amylopectin was measured using a high-performance anion-exchange chromatography (HPAEC) equipped with pulsed amperometric detection (PAD). The CarboPac PA-100 analytical column (4 × 250 mm) together with a CarboPac PA-100 guard column (4 × 50 mm) was adopted. The hydrolysate was washed at 0.3 mL/min with a gradient of the mixture of eluent B (1.0 mol/L sodium acetate) and eluent A (0.5 mol/L sodium hydroxide) as follows: 0-17 min, 15-38%; 17-28 min, 38-42%; 28-55 min, 42-50%; 55-58 min, 50-100%; 58-60 min, 100-15%; and 60-80 min, 15%.
Determination of the ratio of α-1, 6-glycosidic linkage
Proton nuclear magnetic resonance ( 1 HNMR) analyses were carried out by using the proton nuclear magnetic resonance spectroscopy (DD2 600 MHz, Agilent, USA). The 3 mg sample was dispersed in 2 mL of deuterium oxide (D 2 O) and stirred for 2.5 h in boiling water bath, and then lyophilized. The D 2 O-dissolved sample was redissolved in 1 mL D 2 O. The levels of α-1, 4-glycosidic linkage and α-1, 6-glycosidic linkage were quantified from the peaks at 5.4 and 5.0 ppm, respectively. The ratio of α-1, 6-glycosidic linkage was determined through dividing the peak area corresponding to α-1, 6-glycosidic linkage by the total peak area corresponding to α-1, 4-glycosidic linkage and α-1, 6-glycosidic linkage. [26] Starch crystallinity
The starch crystallinity was measured using a Bruker D8 Discover A25 X-ray diffractometer equipped with a copper tube operating at 40 kV and 40 mA with Cu Kα radiation of a 0.154 nm wavelength. The scanning region was set from 5 to 40°of (2θ) at a rate of 2°/min and a step size of 0.05°. The relative crystallinity (RC, %) of each starch samples was estimated by dividing the crystalline peak area by the total area of the X-ray diffractogram using the Jade 7.0 software.
Solubility and paste transparency
The solubility of the starch sample was determined following a previous method. [27] Briefly, 0.3 g sample was blended with the 25 mL of pure water in a centrifuge tube. It was vortexted for 20 min and then heated in a boiling water bath for 0.5 h. The gelatinized starch paste was then cooled to 25°C, and centrifuged at 10000 g for 10 min. The supernatant was dehydrated at 110°C to constant weight. The percent transmittance (%T) of starch pastes was measured at 640 nm. The solubility was calculated using the following equation:
Thermal analysis
The thermal analysis was based on a reported method. [28] Briefly, gelatinization temperatures and gelatinization enthalpy (ΔH) were measured by using the DSC8000 Thermal Lab System (PerkinElmer, USA). Gelatinization temperature range (T c -T o ) was calculated. Starch of 4 mg (dry weight basis) was placed into an aluminum pan and the moisture content was adjusted to 10% by adding deionized water. The pan was sealed and sample was equilibrated for 24 h at 25°C. The sample was scanned from 5 to 90°C at a heating rate of 10°C min 
Rheological properties
The rheological properties were carried out according to our established protocol. [29] The 10% starch dispersion was gelatinized with a magnetic stirrer for 60 min and then cooled to 30°C. The DHR-1 rotational rheometer (TA Instruments, New Castle, USA) was utilized with a cone plate of 40 mm at a 0.06 mm gap and a cone angle of 2°. The apparent viscosity was measured as a function of shear rate in the range 0 to 300 s −1
. The elastic modulus (G′), the viscous modulus (G″), loss tangent (Tan δ) and complex viscosity (η*) were measured as a function of angular frequency (ω) in the range 0.1 to 100 rad/s at 2% strain, in the linear viscoelastic region.
Statistical analysis
The results were presented as the means ± standard deviations from triplicate measurements. The Variance analysis was adopted to analyze the significance in differences at a 0.05 level of confidence.
Results and discussion
Morphological characteristics
The photomicrograph of all starch samples is displayed in Figure 1 . The natural kudzu starch granules display spherical, polygonal and irregular shapes of different sizes but with smooth and nonporous surfaces (Figure 1(a) ). The outermost layer has been peeled off non-uniformly after the BE treatment (Figure 1(b) ). In addition, pores are noticed on the granules. Thus, it appears that BE attacks from outside-in on starch granules presumably due to smooth granular surface that precludes enzyme channeling into the interiors of granules. Interestingly, BE in combination with MA appears to be beneficial to accelerate the starch hydrolysis and the hydrolysis degree depends on the BE treatment time. Pore size enlarges along with broken granule fragments as the BE treatment time increases from 1 to 12 h (Figure 1(c-g) ). Several micropores along with tiny cracks are noticed on the granules with the BE treatment time of less than 6 h (Figure 1(c-e) ). Deep pores with variable sizes are noticed, however, on starch granules with prolonged treatments (≥ 9 h, Figure 1(f,g) ) along with bigger cracks and honeycomb granules suggesting that granules are getting hydrolyzed. Overall, combination of MA and BE appears to be effective in synergistically attacking the exterior and interior portions of kudzu starch granules.
Chain length distributions
The chain length distributions of amylopectin are generally categorized into four parts based on the degree of polymerization (DP): A-chains with DP 6-12, B1-short chains with DP 13-24, B1-long chains with DP 25-36 and B2 chains with DP ≥ 37. [30] In the present case, samples exhibit lower proportions of shorter chains (0.81-1.97%) with DP less than 6 ( Table 2 ). The BE treatment enhances the A and B1 chains by 4.73% and 4.93%, respectively, compared to the natural starch, however, B2 and B3 chains reduce by 10.29% and 54.98%, respectively. The MA→BE modification gradually boosts the percentages of A and B1 chains but with substantial decreases in the B2 and B3 chains For example, at 12 h of BE treatment, A and B1 chains enhance by 25.49% and 22.06%, respectively but B2 and B3 chains decline by 91.91% and 97.84%, respectively. It appears that during the enzymatic treatment, amylose or the external side chains of amylopectin are getting cleaved resulting in shorter linear chains, and these shorter linear chains are then transferred to branch chains, resulting in increased percentage of A and B1 chains along with decreased proportions of B2 and B3 chains.
Branched density
The 1 HNMR spectra and the ratio of α-1, 6-glucosidic bonds are presented in Figure 3 . The peaks at 3.3-4.5 ppm originate from H-2, H-3, H-4, and H-5 protons and the 4.8 ppm is from the H 2 O protons. The peak at 5.4 ppm represents α-1, 4-glucosidic bonds, and the 5.0 ppm corresponds to α-1, 6-glucosidic bonds. [31] The ratio of α-1, 6-glucosidic bonds in BE-modified starch increases to 7.2% compared to 6.4% of natural starch. In combination with MA, the ratios of α-1, 6-glucosidic bonds of MA/BE-modified starches increase remarkably from 8.3 to 13.4% with increasing the BE time. These results indicate clearly the cleavage of α-1, 4-glucosidic bonds with the MA treatment and formation of new α-1, 6-glucosidic bonds with the BE.
Crystalline properties
The X-ray diffraction patterns of all starch samples are highlighted in Figure 4 . In the natural kudzu starch, the typical 15.1°peak coupled with the two unresolved peaks at 17.2°and 18.2°, and a broad peak at 23.5°suggest the typical A-starch structure. The relative crystallinity is found to be 23.9%. After enzyme treatment, these peaks disappear barring the 17.2°that further strengthens with the BE treatment time. In addition, three new peaks at 7.6°, 13.1°and 19.7°are noticed, which also show intensity increase with the BE treatment time. These new peaks correspond to the V-type starch structure. Thus, the initial A-type kudzu starch structure transforms to V-starch structure after enzyme treatment. This finding further corroborates the formation of more short linear glucans and is in congruence with the results observed in the chain length distributions and branch density sections. As is shown in Table 1 , all enzyme treatments result in the chain length reduction. The chain length of BE-modified starch decreases from 19.30 to 17.65 compared to that of the natural starch. The chain lengths further continue to decline with the MA→BE treatment. The chain lengths decrease from 14.32 to 5.68 as BE incubation time increases from 1 to 12 h. Thus, after dual enzyme modification, amylopectin may recrystallize spontaneously as chain length becomes shorter with enhanced branch density in the amorphous lamellae, as well as the distance between branching points decreases, forming the V-type starch structure. [30, 32] It can also be seen from Figure 4 that compared to the natural starch, enzyme-modified starches exhibit lower crystallinity suggesting that more short branch chains are produced by the MA and BE treatment that are not prone to form crystalline aggregates leading to reduced crystallinity. The BE treatment time influences the relative crystallinity and increases from 15.8 to 19.5% is noticed for 1 to 12 h of treatment. The initial decrease could be due to formation of higher amount of short linear chains with MA but as the BE modification results in V-type crystals but with prolonged BE treatment the short linear chains complex with anhydrous ethanol and thus increase the overall crystallinity.
Solubility and paste transparency
The solubility and paste transparency of all starch samples have been listed in Table 1 . The natural starch has lower solubility (43.2%) and paste transparency (50.6%). On the other hand, enzyme modified starches display higher solubility of 64.5-77.9% and paste transparence of 58.6-79.4%. This is due to the fact that increasing the branch points in amylopectin ruptures the highly ordered structure of starch and prevents glucan chains from realigning. As is indicated in Table 1 , in comparison with natural starch, the amylose decreases by 7% after the BE treatment. The amylose content reduces after MA→BE treatment, especially decreases from 17.3 to 11.8% as BE incubation time increases from 1 to 12 h. Thus the reduction of amylose content is significantly influenced by the extent of BE treatment. Molecular mass of enzyme-modified starches also reduces significantly (Table 1 ). In comparison with natural starch (6.8 × 10 8 g/mol), the molecular weight of BE-treated starch decreases to 3.6 × 10 8 g/mol. After the MA→BE treatment, the molecular mass further declines to 2.1 × 10 8 with 1 h BE incubation and finally drops to 0.4 × 10 8 g/mol at 12 h of treatment. Thus it appears that the molecular mass of kudzu starch is largely influenced by the BE incubation time. The reduction of molecular mass could be due to the synergistic action of MA and BE on the longer linear chains of amylose in generating shorter linear chains and/or branched linkages. [33] Moreover, smaller clusters with limited molecular distribution could form through hydrolyzing the internal α-1, 4-jointed linear chains between the amylopectin clusters. [34] Overall, low amylose levels, decreased molecular weight, high proportion of short chains, and branching degree as a result of enzyme treatment result in increased starch solubility.
Thermodynamic properties
The gelatinization temperatures of native kudzu starch range from 68.5 to 81.2°C (Table 2 ). The enzyme-modification results in lower temperature range of 66.2 to 77.8°C presumably due to reduction in longer chains after enzyme treatment leading to higher content of shorter double helices. In addition, not only the α-1, 6 glycosidic bonds produced decrease the heat resistance of starch granules, but also the disruption of α-1, 4 glycosidic bonds. The culminating effect results in the gelatinization temperature. [11] The melting temperature range (T c -T o ) reflects variations in the crystalline orientation in the starch granules. [35] As compared to the native starch, narrower melting range in BE-or MA/BEtreated starches suggests the presence of ordered chain structures and hence forming homogeneous crystalline texture during enzyme catalysis. The shortened branch chains produced by BE and MA/ BE modification contribute to weaker and less stabilized crystalline texture. [36] The difference of T c -T o could as well result in the formation of crystallites and double helices with variable stabilities. The reduction in the enthalpy change (ΔH) of enzyme-treated starches (Table 2) further suggests presence of small amount of double helices or weak interactions between molecular chains in the crystalline zone as a result of enzyme treatment. [37, 38] 
Rheological behavior
The steady rheological behavior of 10% starch pastes at 30 o C is depicted in Figure 5 . The apparent viscosities of all starch samples decrease as shear rate enhances ( Figure 5(a) ), suggesting kudzu starch suspension is a pseudoplastic fluid. All samples exhibit the shear thinning behavior. Native starch displays significantly higher viscosity compared to the enzyme-modified starches. This could be due to decrease in amylose content after dual enzyme modification, causing reduction in the entanglements between the amylose chains. [39] Besides, BE or MA/BE treatment reduces interactions between molecular chains due to larger degree of branching, which in-turn decreases possible binding domains in the starch paste network leading to a rise in the shear thinning ability. [40] Figure 5 (a) also shows that apparent viscosities of enzyme-modified starches gradually decline as BE treatment time increases. This may be because that the molecular chains of starch transfer from random entanglement to a direction arrangement due to higher proportion of short linear chains. Such a process reduces the interstitial space in the network and associated entanglement points resulting in a larger reduction of viscosity. [41] Also, increase of branch points in starch breaks the highly ordered structure and prevents realignment of linear chains after the BE treatment and could as well continue to the decrease in the apparent viscosity. [42, 43] Figure 5 (b) highlights that shear stress augments as shear rate enhances. Native starch presents a remarkably higher shear stress than all the enzyme-treated starches. It further indicates that all starch pastes follow the non-Newtonian fluid behavior with a pseudo-plastic property. The pseudo-plastic behavior enhances with the BE treatment time. On the other hand, shear stress of all enzyme-treated starches gradually decreases with increasing the BE treatment time.
The elastic modulus (G′) and the viscous modulus (G″) of 10% starch pastes as a function of the angular frequency (ω) in the range 0.1 to 100 rad/s at 30 o C are shown in Figure 6 . The G′ and G″ show the frequency dependency. In all the samples, G′ is higher than G″ portraying a solid-like behavior. [44] In the BE-treated starches, G′ and G″ are greater than the natural starch. In comparison with the native starch, these two moduli of enzyme-treated starches are generally higher when the BE treatment time is 1 h, presumably due to chain rearrangement. They are similar to that of natural starch when the BE treatment time is 3 h. However, lower values are observed for 6 to 12 h of the BE treatment mainly due to the short branched chain lengths and low molecular weights. It is known that amylose allows the gelation of starch and increasing its concentration augments the solid behavior. The cleavage of short linear chains can decrease the gel strength leading to a liquid like behavior when the time of BE treatment is equal to or higher than 6 h. These results demonstrate that the elastic characteristics of enzyme-treated starches depend on the extent of BE modification. Tan δ (G″/G′) has been used to elucidate the rheological change of starch pastes. In general, elastic behavior will be noticed when tan δ < 1 and viscous nature for tan δ is larger than 1.
[45] Figure 7 (a) shows that tan δ values of all the samples are less than 1, implying the elastic behavior exceeds the viscous behavior. Generally, tan δ values of all starch samples are nearly constant at low frequencies, but raise with the frequency. The tan δ of the enzyme-modified starches are larger than the native starch after the BE treatment or the combination of MA and BE (BE treatment time = 1 h), which is associated with larger resilience and more rigid texture of starch pastes. However, they are higher than the native starch after MA→BE modification when BE incubation time ranges from 6 to 12 h. Thus, it appears that larger viscous and smaller elastic behaviors occur after double enzymatic treatment. Figure 7 (b) shows complex viscosity η* as a function of ω for all starch samples. The η* value of native starch decreases linearly with increasing frequency. Also, the η* values of enzyme-modified starches at BE treatment time ≤ 3 h are parallel to each other and decline linearly with an increase in the frequency, which implies the frequency dependence of η* of the enzyme-modified starches. However, for the magnitudes of η* of enzyme-modified starches at BE treatment time ≥ 6 h, they are parallel to each other and decrease linearly at lower frequency, whereas they are almost constant at higher frequency, indicating a weak frequency dependence of η*. These results suggest that the elastic property of starch pastes decrease at larger frequencies, which is mainly due to decreasing rate of chain rearrangement.
Conclusions
The molecular structures and functional characteristics of kudzu starch are influenced significantly with the BE enzyme treatment and its combination with the MA. Molecular weight and amylose content decrease with an increase in the branch density and number of short chains. The modification also induces structural changes and the initial A-type starch structure transforms to V-type coupled with reduced overall relative crystallinity. The resulting starches are highly water-soluble and yield low viscosity solutions, and further depend on the BE treatment time. Overall, this study provides an efficient, elegant and "green process" of regulating physicochemical properties of kudzu starch toward developing novel functional foods, such as instant kudzu powder, kudzu powder drink, etc., but further research is warranted.
